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Abstract 
A device for evaluating the spatial resolution of a neutron imaging system was developed. Using laser processes, line-
pair patterns were fabricated on a 0.005-mm-thick Gd film evaporated on a glass plate. Large line pairs of widths 
ranging from 0.2 to 2 mm were machined using an Nd:YVO4 laser (0.03 mm spot size) and displayed on a brightness 
field, while small line pairs of widths ranging from 0.01 to 0.1 mm were created using an eximer laser on a dark field. 
A scanning electron microscope (SEM) observation determined that, although the large line pairs machined using the 
Nd:YVO4 laser were chipped on the corners of the Gd bars, the difference between the measured and designed line-
pair widths was controlled absolutely within 0.02 mm. In the small line pairs of less than 0.1 mm width processed 
using the eximer laser, edges sharper than those of the large line pairs were formed. In neutron imaging tests using a 
LiF/ZnS(Ag) scintillator and a CCD camera system, good contrast images were obtained with the brightness field, 
even at 0.005 mm thickness. The small line pairs on the dark field were observed using a LiF single crystal detector 
having an ultra-high spatial resolution of approximately 0.005 mm. Splits in the small line pairs of as little as 0.01 
mm wide were shown with good contrast on the images.  
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1. Introduction 
Knowledge of the spatial resolution of neutron radiography systems is necessary to enable users to 
estimate whether radiography will be effective for their target objects. In neutron radiography, the edge 
spread function method and a sensitivity indicator (SI) have often been used for evaluating spatial 
resolution. In the edge spread function method, a knife-edge object with a large neutron capture cross 
section should be used [1]. However, it is very difficult to fabricate a knife-edge object without burrs, 
which causes misreading of blurriness. In addition, a knife-edge object has certain thickness, which may 
cause shadow regions when the beam is obliquely incident to the object. In this case, spatial resolution 
cannot be evaluated exactly because the shadow is piled up in the vicinity of the edge image. 
An SI is constructed of eight steps of cast acrylic resin and one step of lead [2]. Gaps are fabricated 
between the resin steps by inserting aluminum spacers with different thicknesses ranging from 0.0127 to 
0.254 mm. However, the acrylic steps contain hydrogen and thus readily scatter neutrons. The neutrons 
are scattered at the resin and are incident to the gap region, resulting in the edge effect. Therefore, the 
small gap area is brightened by the scattered neutrons even if the neutron imaging system does not have 
enough spatial resolution. It is, hence, difficult to exactly measure the spatial resolution of a neutron 
imaging system using an SI.  
A Gd test device was developed at the Paul Sherrer Institute (PSI). The test device was coated with a 
three layer system (Cr/Gd/Cr) and several patterns, including a Siemens star and a square grid of lines, 
were fabricated using optical photolithography. The total thickness of the layers was 0.007 mm and that of 
the Gd layer was 0.006 mm. Because the thinner layer is effective in reducing the influence of the incident 
beam angle and the collimator ratio, the spatial resolution of an imaging system can be measured directly. 
Moreover, because of the use of Gd, which has one of the largest neutron capture cross sections, the test 
device showed good contrast images with a thermal neutron beam, even in the thin 0.006-mm-thick layer 
[3].  
 Herein we present a new device for evaluating the spatial resolution of an imaging system using 
different micromachining techniques. The device was formed with line-pair patterns on a thin, 0.005-mm-
thick Gd film using a simple fabrication method based on laser ablation. The size of the line pairs and the 
image contrast of the device were evaluated by microscope observations and neutron imaging 
examinations, and the practical application of the device for estimating the spatial resolution of a neutron 
imaging system was discussed.  
 
2. Experimental procedure 
 
A glass substrate mainly composed of SiO2 was used in the device. The Gd metal was directly coated 
onto the overall surface of the substrate using a physical evaporation method. The thickness of the Gd 
layer was controlled to approximately 0.005 mm. The line-pair patterns were machined by laser 
processing, as shown in Fig. 1 (a).  
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Fig. 1 Schematic diagrams and sizes of the line-pair patterns on the device. (a) Overall view of the test device; (b) 
patterns and sizes of the line pairs on the test device in the bright field area; and (c) patterns and sizes of the line pairs 
on the test device in the dark field area. 
 
The gauge area in which the line pairs were fabricated was 15 mm × 15 mm, which is smaller than the 
beam size when a pinhole collimator at the Thermal Neutron Radiography Facility (TNRF) [4] was used. 
The widths of the line pairs ranged from 0.01 to 2 mm. The patterns and sizes of the line pairs are shown 
in Fig. 1(b) and (c), respectively. The relatively large line pairs of more than 0.2 mm width were 
machined on a brightness field using an Nd:YVO4 laser with a wavelength and spot size of 1064 nm and 
0.03 mm diameter, respectively. The small line pairs having widths ranging from 0.01 to 0.1 mm were 
fabricated on a dark field area using an excimer laser with KrF gas at a wavelength of 248 nm. The spot 
size of the excimer laser was similar to each line-pair width. Thus, the small line pairs were fabricated by 
one-line-scan machining. The laser-machining processes were conducted by Tosei Electrobeam 
Corporation. The microstructure of the line pairs was observed using an optical laser microscope and an 
SEM. Note that, although the sample observed by those microscopes was different from that examined by 
neutron beam irradiation as below mentioned, those fabrication processes were quite similar.  
The Gd line-pair indicator was examined at the TNRF [5]. The imaging system was composed of a 
home-made LiF/ZnS(Ag) scintillator and an electron multiplying-CCD (EM-CCD) camera made by 
Hamamatsu Photonics Corporation. Because the mean thickness of the LiF/ZnS(Ag) scintillator layer is 
0.15 mm, the scintillator is useful for viewing medium-sized objects for submillimeter spatial resolution. 
The image pixel size was 0.08 mm × 0.08 mm. The Gd film line pair device, wrapped in a piece of 
aluminum foil, was placed on the scintillator, and the pattern side of the device was then directed toward 
the scintillator side for reduction of the blurriness caused by the collimator ratio. 
In addition, a LiF single crystal detector was used for neutron imaging with the small line pairs. The 
LiF single crystal detector has a high spatial resolution of approximately 0.005 mm, which was enough to 
observe the smallest line pair on the test devices. Detailed information about the LiF single crystal 
detector has previously been described in the literature [6-7]. 
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Fig. 2 SEM images of the line pairs with widths (a) 0.5 mm, (b) 0.3 mm, (c) 0.2 mm, (d) 0.05 mm, (e) 0.03 mm, and 
(f) 0.01 mm. The locations marked with the arrows show the widths of the Gd film bars (dn) and machined regions 
(wn). The data for each line pair are summarized in Table 1. 
 
3. Results and discussion 
 
3.1. Microstructure observation  
 
Fig. 2 (a)–(f) show the SEM images of the Gd line-pair devices. The bars of the large line pairs 
machined by the Nd;YVO4 laser were chipped at the corners, as seen in Fig. 2 (a), (b), and (c), which 
show line pairs with widths of 0.5, 0.3, and 0.2 mm, respectively. In particular, the chips at the corner of 
the 0.2-mm-wide line pair seemed to be relatively larger than those of the 0.5-mm-wide line pair, because 
the heat and physical load per unit volume were larger for the bars of the 0.2-mm-wide line pair than for 
those of the 0.5-mm-wide line pair. In addition, the surface of the exposed glass substrate in the scanning 
region seemed to be damaged by the machining process. On the other hand, the small line pairs machined 
using the excimer laser seemed to have relatively sharp edges, as shown in Fig. 2 (d) and (e). However, in 
the 0.01-mm-wide line pair, the Gd film was not completely removed and remained in the ditches, which 
corresponded to the laser scanned region, and the line-pair pattern seemed to be only scratch-like.  
The laser microscope images and depth profiles of the Gd film surface and the machined regions are 
shown in Fig. 3 (a)–(c). In the figures, the Gd film thickness is assumed to be 0.005 mm, and the glass 
substrate surface defines the baseline, which is the dotted line corresponding to 0 on the vertical axis, as 
shown in Fig. 3 (a)-2, (b)-2, and (c)-2. In Fig.3 (a)-2, the depth of the machined region is approximately 
0.006 mm. This result suggests that the Gd film was completely removed by laser machining, and that the 
glass surface was actually ground approximately 0.001 mm in depth. Irregularities on the surface of the 
glass region were relatively small within 0.001 mm. The maximum difference in the thicknesses of the 
original and machined glass surfaces was approximately 0.002 mm, which makes no contrast on a neutron 
image because of the small neutron cross section of SiOx. In the cases shown in Fig. 3 (b)-2 and (c)-2, the 
machined regions prepared using the eximer laser were deeply depressed in comparison with those 
prepared using the Nd:YVO4 laser.  
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Fig. 3 Laser microscope images and depth profiles between the Gd surface and machined regions: (a) 0.2-mm-wide 
line pair, (b) 0.05-mm-wide line pair, and (c) 0.03-mm-wide line pair.  
 
However, the depth from the base line was around 0.01 mm, which did not affect the image contrast in 
the glass region. The depression was in the shape of a parabola, which was probably formed by the radial 
intensity distribution of the beam spot. 
The widths of the line pairs, as determined from the SEM images, are summarized in Table 1. For the 
large line pairs having widths ranging from 0.2 to 0.5 mm, the measured widths (dn, n=1, 2, 3) were 
smaller than the designed ones, typically by approximately 0.01–0.03 mm, which is close to the beam 
spot size. On the other hand, the machined widths (wn, n=1, 2, 3) for the large line pairs were larger than 
the designed widths by around 0.01 mm. For the small line pairs, the difference between the measured 
and designed widths was smaller, within 0.005 mm, than that for the large line pairs. Table 2 shows the 
machined region widths determined on the basis of the depth profile measured using a laser microscope. 
The l1 and l2 values correspond to the width of the Gd film and the glass substrate of the ditch, 
respectively, as shown in Fig. 3 (b)-2. The width “l1,” as measured by the laser microscope, are much 
similar to the wn values obtained from the SEM images. However, there is a considerable gap of more 
than10% between l1 and l2. The above-described results indicate that the beam conditions, including spot 
size, output power, and number of laser scans, should be optimized to shorten this gap. 
 
3.2 Neutron imaging 
 
Fig. 4 shows the neutron images of the Gd line-pair device obtained using the LiF/ZnS(Ag)/EM-CCD 
camera system. Good image contrast was obtained despite the 0.005 mm thickness of the Gd layer. In the 
brightness field in the patterned area, the Gd bars of the line pairs can be clearly seen.  
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Table_1 Width of the line pairs determined by the analysis of the SEM images. The positions of each marker (dn 
and wn) are shown in Fig. 2. 
 
Designed width Width of Gd bar (mm) Width of machined region (mm) 
(mm) d1 d2 d3 w1 w2 w3 
0.5 0.488 0.488 0.470 0.502 0.509 - 
0.3 0.285 0.286 0.284 0.315 0.312 - 
0.2 0.184 0.184 0.181 0.213 0.213 - 
0.1 0.096 0.095 - 0.105 0.104 0.104 
0.05 0.052 0.052 - 0.048 0.048 0.480 
0.03 0.027 0.027 - 0.034 0.034 0.034 
0.01 0.0092 0.0092 - 0.011 0.011 0.011 
 
 
Table 2 Width of the machined regions for the small line pairs. The positions of the markers (l1 and l2) are shown in 
Fig. 3 (b)-2. 
 
Designed width Width of machined region  (mm) 
(mm) l1 l2 
0.1 0.102 0.090 
0.05 0.048 0.0385 
0.03 0.032 0.0247 
0.01 0.0093 0.0053 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Neutron images of the Gd line-pair indicator obtained using a LiFZnS(Ag)/EM-CCD camera system. 
 
 
In addition, almost the entire Gd layer region in the brightness field was removed, except for that of the 
line-pair bars. However, the small line pairs in the dark field area were fogged and could not be observed 
because of the limited spatial resolution of the imaging system. In the 0.2-mm-wide line pair, a split 
between the bars can be seen, although indistinctly. Therefore, it was estimated that the spatial resolution 
of the imaging system is likely on the order of 0.2 mm.  
Fig. 5 (a), (b), and (c) show the line profiles of the line pairs with widths of 0.2, 0.5, and 1 mm, 
respectively. The edge effects caused by scattered neutrons were not observed [8]. The transmittance 
values were 0.95 and 0.7 at the top and bottom of the profile curve, respectively. The transmittance of the 
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top region corresponds to the area where the Gd film was removed, and thus, the transmittance was 
attributed to that of the glass substrate. The transmittance of a 0.005-mm-thick Gd metal is approximately 
0.5, which is considerably smaller than that the experimental results. This difference is possibly due to 
oxidation. The indicator surface after the evaporation process was not observed as a glossy metal, but as a 
transparent material, which is evidence for oxidation. Therefore, because the number density of the Gd 
atoms was relatively low owing to oxidation, a difference in the transmittance resulted. Besides, since this 
oxidation is effective to strengthen adhering between the Gd film and the substrate, we can easily handle 
this device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Line profiles of the line pairs with widths of 0.2, 0.5, and 1 mm in the neutron images in Fig. 4. 
 
The top and bottom of the profile curve were lowered and heightened, respectively, with a decrease in 
the line-pair width. This result supports the idea that the image contrast of the line pairs decreased with a 
shortening of the line-pair width, which is attributed to the use of a scintillator with limited spatial 
resolution, leading to foggy and blurry images.    
 Fig. 6 (a) and (b) show the small line-pair images obtained using the LiF single crystal detector. The 
white and black dots observed on the image are the result of noises caused by flaws on the detector 
surface. All line pairs on the dark field can be readily observed, even those with a width of 0.01 mm. In 
addition, the contrast was sufficient to distinguish the split of the line pairs. These results demonstrate that 
this device has potential for use in the practical evaluation of the spatial resolution of noble imaging 
detectors such as the LiF single detector. The line profiles of the line pairs with widths of 0.05 mm, 0.03 
mm, and 0.01 mm are shown in Fig. 7 (a), (b), and (c), respectively. Note that the images in Fig. 6 were 
not normalized by a shading image. The vertical axis indicates the numerical data for the raw images. 
These profiles clearly show the separation of the line pairs, although the difference in the top and bottom 
of the profile curves decreases as the line-pair width decreases, as seen in Fig. 5. Thus, it was confirmed 
that enough contrast can be obtained, even for the small line pairs. These results show that this device has 
some effectiveness for evaluating the spatial resolution over the range from a few tens of micrometers to 
2 mm. 
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Fig.6 Small-line-pair images obtained using the LiF single crystal detector. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Line profiles of the line pairs with widths of 0.01, 0.03, and 0.05 mm in the images in Fig. 6. 
 
4. Summary 
  
 A line-pair Gd indicator for evaluating neutron image systems was developed. The line-pair 
patterns were fabricated on a 0.005-mm-thick Gd film, which was evaporated onto a glass plate using 
both Nd:YVO4 and eximer laser processes. Although some damage was found on the corners of the edges 
and the glass substrate surface machined using the Nd:YYO4 laser, there was little difference between the 
measured and designed line-pair widths. On the other hand, sharp edges were obtained for the small line-
pair bars structured by the eximer laser. In the results of the neutron imaging examination, good contrast 
was observed in the large line-pair images obtained using a LiF/ZnS(Ag) scintillator and a CCD camera. 
In case of the small line pairs, a LiF single crystal detector was used for the imaging. The splits of all 
small line pairs, even the 0.01-mm-wide line pair, were clearly observed with good contrast. From the 
above results, we confirmed that the line-pair Gd device can be effective for evaluating the spatial 
resolution of a neutron imaging system.  
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